An oligopeptide elicitor from Phytophthora megasperma f.sp. glycinea (Pep-13) that induces phytoalexin accumulation in cultured parsley cells was radioiodinated and chemically cross-linked to its binding site in microsomal and plasma membrane preparations with each of three homobifunctional reagents. Analysis by SDS/PAGE and autoradiography of solubilized membrane proteins demonstrated labeling of a 91-kDa protein, regardless of which reagent was used. Cross-linking of this protein was prevented by addition of excess unlabeled Pep-13. The competitor concentration found to half-maximally reduce the intensity of the cross-linked band was 6 nM, which is in good agreement with the IC50 value of 4.7 nM, obtained from ligand binding assays. No crosslinking of 125I-labeled Pep-13 was observed by using microsomal membranes from three other plant species, indicating species-specific occurrence of the binding site. Coupling of 1251-Pep-13 to the parsley 91-kDa protein required the same structural elements within the ligand as was recently reported for binding of 125I-Pep-13 to parsley microsomes, elicitorinduced stimulation of ion fluxes across the plasma membrane, the oxidative burst, the expression of defense-related genes, and phytoalexin production. These findings suggest that the 91-kDa protein identified in parsley membranes is the oligopeptide elicitor receptor mediating activation of a multicomponent defense response.
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Plants have evolved diverse defense mechanisms to protect themselves against potential fungal pathogens, including hypersensitive cell death (1), phytoalexin biosynthesis (2), expression of pathogenesis-related proteins such as chitinases or 1,3-,B-glucanases (3, 4) , the oxidative burst (5) , and local cell wall reinforcement (6, 7) . Induction of these defense responses requires recognition by the plant of either fungus-or plantderived signals, collectively referred to as elicitors. This is believed to be mediated by receptors that specifically bind these signal molecules and thereby initiate intracellular signal transduction. The high degree of signal specificity required for the elicitor-mediated activation of plant defense responses, as observed in several systems, strongly suggests the involvement of highly specialized receptors in elicitor perception and subsequent intracellular signal generation (8) .
Binding sites for highly purified carbohydrate or peptide elicitors of fungal origin have been shown to reside in the plasma membranes of soybean, tomato, and parsley cells (9) (10) (11) (12) (13) . Ligand saturation analysis using radiolabeled elicitor preparations revealed the existence of single-class binding sites with high ligand affinities in the respective plant species (9) (10) (11) (12) . At present, however, the molecular structures of elicitor binding sites remain rather unclear. This may be due mainly to the low abundance of these sites, which has severely hampered their isolation. The first report on the identification of an elicitor binding site implicated a 70-kDa protein from soybean microsomal membranes to be a constituent of a heptaglucan elicitor receptor, as demonstrated by means of photoaffinity cross-linking (14) .
We recently identified a 13-mer oligopeptide within a 42-kDa glycoprotein from Phytophthora megasperma, which was found to be necessary and sufficient to initiate ion fluxes across the plasma membrane, an oxidative burst, the expression of defense-related genes, and phytoalexin biosynthesis in cultured parsley cells. The structural specificity of the oligopeptide elicitor for the induction of these plant responses was identical to that found for binding of the radiolabeled elicitor to parsley membranes, indicating a functional link between signal perception and plant reactions (12 (12) . Radioiodination of Pep-13 (specific radioactivity, 2200 Ci/mmol; 1 Ci = 37 GBq) was'performed by Anawa AG (Wangen, Switzerland). Cross-linking reagents 3,3'-dithiobis(sulfosuccinimidyl propionate) (DTSSP), bis(sulfosuccinimidyl) suberate (BS3), disuccinimidyl suberate (DSS), and N-hydroxysulfosuccinimidyl-4-azidobenzoate (S-HSAB) were from Pierce (Oud Beijerland, The Netherlands).
Plant Cell Culture/Elicitor Treatment. Cell suspension cultures of parsley (Petroselinum crispum) were maintained as described (15) . Protoplasts prepared from 5-day-old cultured cells were treated with various peptide elicitors (12) and elicitor activity was quantified by fluorescence spectroscopy (16) . Glycine max cell suspension cultures were propagated as described (17) . Arabidopsis thaliana cell suspensions were initiated from surface-sterilized seeds and maintained on Murashige and Skoog medium (18) Proc. Natt Acad Sci USA 92 (1995) 2339 in 275 ml of 50 mM Hepes-KOH (pH 7.5) containing 0.5 M sucrose, 5 mM ascorbic acid, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, and 0.6% polyvinylpyrrolidone. The homogenate was filtered through a 240-gm nylon cloth and centrifuged at 4°C for 15 min at 10,000 x g; the supernatant was centrifuged at 4°C for 30 min at 50,000 x g. Plasma membrane vesicles were enriched from the microsomal fraction by two-phase partitioning (20) . The final upper phase (10 ml) was diluted to a total vol of 210 ml, and plasma membranes were obtained after ultracentrifugation at 4°C for 60 min at 100,000 x g. The pellets were resuspended in ligand binding buffer (12) .
Ligand Binding Assays. Ligand binding assays were performed in PBS (pH 8.0) containing 0.1% bovine serum albumin and 100 /,M leupeptin under the conditions described (12) . Competition studies were carried out in the presence of increasing amounts of unlabeled competitors.
Chemical Cross-Linking. Ligand association to either microsomal (400 jig of protein) or plasma (100 ,ug of protein) membranes was initiated by addition of 2.5 nM 125I-labeled Pep-13 under the same conditions as described for ligand binding assays. Samples were kept on ice for 2 h; microsomes were pelleted by centrifugation (90 sec at 10,000 x g), washed with 1 ml of PBS (pH 8. The actual amount of 125I-Pep-13 covalently cross-linked was 1-2% of the specifically bound radioligand, as determined by measuring radioactivity in gel slices containing the 93-kDa band. Labeling of this protein was not observed when (i) DTSSP was omitted from the assay mixture (Fig. 1); (ii) the reagent quench, Tris (100 mM), was added together with DTSSP; or (iii) DTSSP-treated membranes were incubated with 2-mercaptoethanol (20 min at 95°C), which reduced the disulfide bond within the cross-linker. Incorporation of 1251-Pep-13 into the 93-kDa band was rapid, approaching a maximum after 10 min, and found to be half-maximal at a reagent concentration of 0.8 mM. Cross-linking reagent concentrations higher than 8 mM were required to obtain maximal incorporation of the radioligand.
The capacity of two other homobifunctional reagents, BS3 and DSS, as well as the heterobifunctional photoaffinity reagent S-HSAB to mediate cross-linking of 1251-Pep-13 to parsley membranes was assessed. While S-HSAB, which has a significantly shorter chain length than all other reagents used, was virtually ineffective, BS3 and DSS were highly effective in mediating the formation of the 93-kDa band, as revealed by SDS/PAGE under nonreducing as well as reducing conditions (Fig. 2) Attempts to detect specific, high-affinity binding of 125I-Pep-13 to microsomal membrane preparations from another umbellifer, carrot, or from soybean and Arabidopsis in ligand binding assays, as well as to cross-link 125I-Pep-13 to these membranes, were unsuccessful, indicating species specificity of the elicitor binding site.
To further verify the specificity of the interaction of 1251-Pep-13 with its binding site, parsley microsomal membranes were incubated with the radioligand in the presence of increasing concentrations of unlabeled Pep-13. Cross-linking with DTSSP revealed a dose-dependent reduction in the label intensity of the 91-kDa protein (Fig. 3A) . The autoradiogram was scanned by laser densitometry, and the peak areas were plotted as a function of Pep-13 concentration (Fig. 3B) Table 1 was added concomitantly with the radioligand to the assay mixture, and the samples were processed as described above. Results from a representative experiment are shown in Fig. 4 . A deletion derivative of Pep-13 lacking both the N-terminal valine (Val-1) and the C-terminal glutamic acid (Glu-13) residues retained full competitor activity as was also found for a substitution analog in which the tyrosine residue at position 12 (Tyr-12) was replaced by alanine. In contrast, either additional deletion of Trp-2 from the otherwise active 11-mer peptide analog or replacement of Trp-2 or Pro-5 by alanine in the native Pep-13 severely decreased the ability of these derivatives to compete for cross-linking of 1251-Pep-13 to parsley microsomal membranes. These findings closely correspond to the IC50 values (Table 1 ) obtained in ligand binding assays using increasing concentrations of each analog (Fig. 5) . In addition, Pep-13 derivatives, which were poor competitors of cross-linking of '25I-Pep-13 to parsley microsomal membranes, were weak k D a _ B , . .. . . . . . . _ . . . . , : , . . , . . . . ' . S Table 1. elicitors of phytoalexin production in parsley protoplasts as well (Table 1 (Fig.  4) . (iv) The ability of Pep-13 structural derivatives to compete for binding of 125I-Pep-13 to parsley microsomes parallels their effectiveness in inhibiting cross-linking of the radioligand to the 91-kDa protein. This is relevant to a role of this protein as (part of) the oligopeptide elicitor receptor. Moreover, crosslinking of 125I-Pep-13 was not only highly specific with respect to structural properties of the ligand but also to plant species that recognized this ligand. Interestingly, even another umbellifer, carrot, does not possess a protein functionally homologous to the parsley Pep-13 binding site. In contrast, the P. megasperma heptaglucan elicitor of phytoalexin accumulation in soybean is recognized by other legume species such as lupin and pea (E. Cosio, personal communication).
Most importantly, we have demonstrated that the same criteria apply to specific cross-linking of 125I-Pep-13 to a 91-kDa parsley plasma membrane protein and, as recently reported (12, 25) , to the stimulation of a multifaceted plant defense response comprising both early reactions-such as influxes of HI and Ca2+, effluxes of K+ and Cl-, and the oxidative burst-and late reactions-such as ethylene biosynthesis, defense-related gene activation, and phytoalexin formation. Our data strongly support the idea that this binding site represents the oligopeptide elicitor receptor mediating the activation of defense-related genes and subsequent phytoalexin production.
Isolation of elicitor receptors by affinity chromatography or expression cloning of the respective genes in eukaryotic cells will provide further important information on the molecular structure and mode of action of these proteins. In this connection, it is expected that functional analysis of plant disease resistance genes, which are likely to encode receptors for pathogen-derived signals, will substantially contribute to our understanding of the mechanisms underlying signal perception and signal generation at the plant cell surface.
